Evaluating and exploiting unconventional complex oil and gas reservoirs such as the Marcellus Shale gas reservoirs within the Appalachian Basin in Pennsylvania, USA, have gained considerable interest in recent years. Technologies such as conventional 3D seismic, horizontal drilling, and hydraulic fracturing have been at the forefront of the effort to exploit these resources. Recently, multicomponent seismic technologies have been integrated into some resource evaluation and reservoir characterization activities of low-permeability rock systems. We evaluated how multicomponent seismic technology provides value to reservoir characterization in shale gas exploration. We improved fault interpretations and natural fracture identifications by means of P-SV 1 and P-SV 2 integrated interpretation. In addition, using P-P-/P-SV-joint inversion, we extracted key parameters, such as V P ∕V S ratio and density, that improve stratigraphic interpretation and rock-property descriptions of shale gas reservoirs.
Introduction
The Devonian Marcellus Shale is a natural-gasbearing rock distributed across parts of Pennsylvania, Ohio, West Virginia, and New York. This shale was deposited in a shallow sea that covered these states nearly 400 million years ago. Some of the organic material trapped in the Marcellus matured (changed chemically with heat and pressure) into natural gas. Natural gas now present in the low-porosity Marcellus Shale remains mostly trapped between grains and in natural fractures already present in the shale (Enomoto et al., 2011) .
The Marcellus Shale is positioned at the base of the Hamilton Group and is divided into three major members, consisting of two organically rich members separated by the Cherry Valley limestone. The Lower Marcellus member sits on a sequence boundary/transgressive surface of erosion, thought to be a third-order depositional sequence composed of a lower, upward-increasing gamma-ray transgressive systems tract (TST) and an upper, upward-decreasing gamma-ray regressive systems tract (RST). A maximum flooding surface constitutes the highest gamma-ray shale (Figure 1 ). The Upper Marcellus Member comprises another third-order sequence consisting of a basal regressive surface of erosion, a relatively thin, mainly limestone TST, and a thicker RST (Lash and Engelder, 2011; Slatt and Rodriquez, 2012) . Total organic carbon (TOC) values range up to approximately 10% wt. in the well used in Figure 1 , but some wells in the area can have TOC values as high as 20% wt. (Bowker and Grace, 2010) .
Previous investigators (Freeman, 2010; Koesoemadinata et al., 2011) use conventional P-wave (P-P) technology to investigate the Marcellus Shale. Although P-P data can be useful in subsurface structural analysis, there has been little progress in using P-P data for reservoir fracture prediction. Joint interpretation of P-P and P-SV data has more advantages in analyzing subsurface structures, lithology distributions, and pore-fluid saturates than do interpretations solely based on P-P data (Stewart, 2010; DeAngelo and Hardage, 2013) . In particular, P-SV data are more sensitive than P-P data to rock defects that are 2D in nature.
A P-P/P-SV joint inversion technique can simultaneously use wireline log, seismic, and geologic data to extract key rock parameters, such as Poisson's ratio, P-P to P-SV velocity ratio, and density, and thus provide more detailed and constrained interpretation of fractured shale-gas reservoirs. Robust matching of P-P and P-SV reflection events is required to build a viable initial inversion model based on P-P and P-SV data (Yue et al., 2010) . 
3D seismic data
Seismic data were acquired using an explosive charge of 1 kg (2.2 lb) positioned at a depth of 6 m (20 ft) as a source. Surface seismic data were recorded using a single 3C, solid-state accelerometer sensor at each receiver station. Seismic reflection events had excellent continuity in P-P and P-SV data and high signalto-noise ratios. Geologic units far below the Marcellus and Onondaga formations can be identified in the data (Figure 2 ). After amplitude spectrum analysis and registration of P-P and P-SV seismic reflection events Fomel et al., 2003; Roth, 2006) , we determined that the P-P data had lower vertical resolution than the P-SV data above the target formation, with dominant frequencies of 25 and 40 Hz, respectively ( Figure 3 ).
Fault and fracture identification
Natural fractures called joints are usually created as a result of stress and strain on brittle rock (Engelder and Lash, 2008) . Regionally, two sets of joints have been recognized in the Marcellus Shale of Pennsylvania (Figure 4 ). The J1 joint set was created prior to the formation of the Allegheny Mountains and is oriented east-northeast-west-southwest. The J2 joints, approximately perpendicular to J1, are tectonic fractures oriented approximately northwest-southeast across the grain of the Allegheny Mountains (Smith and Leone, 2010) .
Previous studies (Hardage et al., 2011; Stockton, 2011) have documented the principle that multicomponent technology can provide a better understanding of faults and fracture systems. Figure 5 illustrates that it is difficult to visually identify fractures and fault termination points on the P-P seismic images and coherency maps (Bahorich and Farmer, 1995) . In contrast, these features are recognizable on P-SV coherency maps (Figure 5b ). This result may be caused by breaks or minor faults being below the resolution of conventional P-P seismic methods or the P-P data responses of fractured and nonfractured rocks are virtually identical, but the P-SV data are sensitive to breaks and fractures (Stockton, 2011) . By combining P-SV coherency maps and P-SV seismic profiles, we could map fault termination points and interpreted one large-scale fault as penetrating the top Cherry Valley formation rather than only reaching the bottom Onondaga formation as some local operators assume. Fault pattern distributions indicate the historical stress environment of an area. Based on previous structural analysis (Engelder and Lash, 2008), we know east-northeastwest-southwest and east-west are the main fault strike directions in the Marcellus Shale and that thrust faults (southeast to northwest) are common. Consequently, the horizontal principal-stress orientation should be approximately in the southeast-northwest direction.
Anisotropy can be seen at the calibration well location by analyzing dipole sonic logging curve differences of fast-S and slow-S (Figure 6 ). Areal estimation of fracture distributions away from this calibration well can be done using fast-S converted wave (P-SV 1 ) and slow-S converted (P-SV 2 ) migrated stacks (Figure 7) . The azimuth of the fast PS-wave is determined to be around north 60°east by analyzing the azimuth-dependent P-P arrival time and reflectivity (Hardage et al., 2012) . The difference in time thickness (areal anisotropy) between P-SV 1 and P-SV 2 in the targeted formations varies across the image space, which we interpret to indicate variations in fracture intensity. Areas with low anisotropy values highlight the two main joint sets (J1 and J2). J1 joint sets are oriented nearly northeasteast-southwest-west, and the J2 joint sets are oriented northwest-southeast. An interesting result is that the areal anisotropy maps show a strong correlation with the main fault orientation exhibited in the coherency maps ( Figure 5 ).
Joint P-P/-P-SV inversion
There is a linear relationship between P-P and P-SV velocity (Castagna et al., 1985) , and also, P-P velocity and formation density have close relationships (Gardner et al., 1974) . Therefore, joint inversion, fully integrating P-SV information with P-P information, can use these relationships between P-P and P-SV modes to improve the reliability and precision of seismic inversion. After depth matching P-P and P-SV reflection events, we improved inversion results (Figure 8 ). These inversions show that conventional P-P inversion fails to clearly separate the submembers of the Marcellus formation. However, we can identify the three Marcellus members from the inversion results based on P-P and P-SV data. Variations of sedimentary units within the Marcellus interval are implied by the P-P/P-SV inversion, but no logging, drilling, or production data were available to verify these implications. Carter et al. (2011) document that organically rich mudstone dominates the Upper and Lower Marcellus formations and that the TOC of the lower Marcellus is larger than 10%. Joint inversion shows that density of the Lower Marcellus is lower in magnitude and more uniform across the area relative to the Upper Marcellus (Figure 9 ). Perhaps interval density estimated for the two shale members can be used as a proxy for TOC content. We can only infer this possibility, not prove it. Coincidently, both density estimates are dominated by northeast-southwest and northwest-southeast fracture sets.
At least two reasons contribute to improved inversion results when P-SV data are used. One is that joint inversion uses the P-and S-wave information more fully and directly. The second is that P-SV data have better vertical resolution than P-P data in the target formation as shown in Figure 3 .
Theoretically, V P ∕V S ratios are good tools for identifying variations in lithology and in-situ fluid properties. Fundamentally, this ratio can be computed using interpreted horizons from P-P and P-SV data volumes that identify a target formation interval using the following formula (Miller, 1996) :
where ⊿Tps and ⊿Tpp are the corresponding P-S and P-P isochrons. Using this equation and the only calibration well in study area, we created seismic-based maps of the V P ∕V S velocity ratio (Figure 10 ). Important features of these maps are the following:
1) A northeast-southwest trend with lower V P ∕V S ratios (1.45-1.8) in the Lower Marcellus and a similar northeast-southwest trend of higher V P ∕V S ratios (1.65-1.93) in the Upper Marcellus. Both trends can be attributed to possible fractures zones, according to Figure 7 , but they have obviously different velocity features. One reason could be different types of fracture fill in the Lower and Upper Marcellus fracture sets. Specifically, lower V P ∕V S ratios (Lower Marcellus) may be indicative of a gas-fracture set and higher ratios may imply liquid-filled (brine) fracture sets. 2) A northwest-southeast trend and northeast block with high V P ∕V S values (1.78-1.93) in the Lower Marcellus map. Both areas are interpreted as zones with increased fracture density because the V P ∕V S values are high; we believe these zones have fractures filled with brine. 3) A northwest-southeast and nearly west-east trend with low V P ∕V S values in the Upper Marcellus map. These areas are believed to be associated with gas-bearing fractures.
Conclusions
We have conducted an interpretation of fractures and joint inversion study in the Marcellus Shale formation using P-P and P-SV data. We found that P-SV data are more efficient in identifying minor rock variations such as cracks, fractures, and termination points of faults than are P-P data.
The P-SV 1 and P-SV 2 modes processed from 3C/3D data are of great use for areal estimation of anisotropy. However, interpretation of fast and slow modes is greatly influenced by the precision and accuracy of joint seismic interpretation, especially near fault break points. In this study, joint inversion of P-P and P-SV had better vertical resolution and accuracy than did conventional P-P seismic inversion. Before a joint interpretation and inversion of P-P and P-SV is done, P-P and P-SV data matching should be done as the first step. Included in this data matching are P-P and P-SV depth registration, waveform equalization, and energy matching.
